Activation of Jun-N-kinases (JNK) is stimulated by diverse agents including UV-irradiation, heat shock, tumor necrosis factor and osmotic shock. In the present study we have elucidated the effect of the organoselenium chemopreventive agent l,4-phenylenebis(methylene)selenocyanate (p-XSC), on UV-mediated JNK activation. Using mouse fibroblasts as a model eel] system we found that low concentrations (1-10 (iM range) of p-XSC did not affect JNK activity, yet were capable of potentiating JNK activity when administered prior to UV-irradiation. While higher doses of p-XSC have minimal effect on JNK activation, when combined with UV, there is a dose-dependent decrease in JNK activation. Similar to its effects on JNK, p-XSC is a potent inducer of src-related tyrosine kinases. p-XSC mediated changes in JNK activation correlate with its ability to potentiate the association of JNK with p21 ras , in a manner similar to that we have previously observed with GTP or sodium vanadate. That p-XSC can modulate JNK activities points to a possible mechanism by which it contributes to the cell's ability to cope with stress.
Introduction
Inorganic selenite (Na2SeC<3) and naturally occurring selenoamino acids (i.e. selenocysteine, selenomethionine) are effective chemopreventive agents against chemically and virally induced colon, liver, mammary, lung, pancreatic, and skin tumors in rodent bioassays (1,2). Synthetic organoselenium compounds such as benzyl selenocyanate (BSC*) are more effective and less toxic chemopreventive agents than inorganic and naturally occurring selenoamino acids (3) (4) (5) . The recently developed l,4-phenylenebis(methylene)selenocyanate (p-XSC), was shown to be even more effective and less toxic than other synthetic selenium compounds tested in our laboratory (6,7).
Although the mechanism by which p-XSC inhibits tumor
•Abbreviations: JNK, Jun-N-kinases; BSC, benzyl selenocyanate; BTC, benzyl thiocyanate; DMEM, Dulbecco Modified Eagle's Medium; DMSO, dimethylsulfoxide; Grb2, growth factor receptor-binding protein; Na 2 SeC>3, sodium selenite; p-XSC, l,4-phenylenebis(methylene)selenocyanate; p-XTC, l,4-phenylenebis(methylene)thiocyanate; PBS, phosphate-buffered saline; SAPK, stress activated protein kinases; SDS, sodium dodecyl sulfate; SV, sodium vanadate (Na2VO 3 ); TNFa, tumor necrosis factor a; GST, glutathione S-transferase. formation has not yet been fully explored, various cellular targets are known, including effects on carcinogen-DNA binding (8) and changes in stress-related cellular proteins (9) . p-XSC was shown to be a potent inhibitor of thymidine kinase activity in human and rat mammary tumor cell cultures (10) and to inhibit activities of protein kinase A and protein kinase C (11) . p-XSC is also a potent inhibitor of cell growth, induces apoptosis in a rodent mammary carcinoma cell line, and inhibits mitochondrial activities (12, 13) . We have elucidated the effect of p-XSC on stress-activated kinases that activate transcription factors which play an important role in the immediate stress response. To this end, we have studied the effects of p-XSC on activation of Jun-NH 2 -kinase (JNK). JNK is a multimember family of stress-activated kinases induced by UV-irradiation, X-rays, osmotic shock, heat shock and by various cytokines, including tumor necrosis factor a (TNFa) (14) . JNK activation appears to be mediated via r<zy-dependent (i.e. UV-irradiation) and ras-independent (i.e. TNFa) pathways (15) . Recent studies on the association of ras with JNK, and on the relationship between its rat homologues, growth factor receptor-binding protein (SAPK), and stress activated protein kinases (Grb2), indicate that these kinases are regulated via their physical contact with membrane-anchored G proteins (16, 17) . These associations appear similar to the association of Rafl with p21, albeit via a different region on the p21 protein (16, 18) . JNK^l™ 1 association can be potentiated by sodium vanadate, as well as by GTP (16) . Both modify the conformation of the region that mediates JNKp21 ras association. Upon activation, which is mediated by a subset of upstream kinases (i.e. MKK4, SEKl), JNK phosphorylate c-jun, ATF2, p53 or Elkl (14, 19, 20) . Phosphorylation of c-jun on serines 63 and 73 was found to be important to cjun stability (Fuchs et al. unpublished) and in mediating transcription, replication and transformation (21, 22) . Similarly, phosphorylation of ATF2 was shown to induce transcriptional activities upon stress (20) .
In this study we demonstrate dose-dependent effects of p-XSC on the serine-threonine kinase JNK as well as on src-related tyrosine kinases. We are using a mouse fibroblast cell system, which was well characterized in terms of mechanisms involved in JNK activation. The implications of modulating JNK activity by p-XSC in regard to the chemopreventive effects of this organoselenium compound are discussed.
Materials and methods
Chemicals BSC, p-XSC, and its sulfur analogue l,4-phenylenebis(methylene)thiocyanate (p-XTC), were synthesized and their purity was in each case shown to be 99.9% according to HPLC analysis (8) . Na 2 SeO 3 and benzyl thiocyanate (BTC) (sulfur analogue of BSC) were purchased from Aldrich Chemical Co.
Medical Center (NY). These cells were extensively studied for UV-mediated JNK activation (16, 24, 25) . They were maintained in Dulbecco modified Eagle's medium (DMEM), supplemented with 10% calf serum and antibiotics. Cells were grown at 37°C with 5% CO 2 . Test compounds were added in 100 |il medium containing 1% fetal bovine serum (DMSO). All experiments included vehicle control.
UV irradiation. Cells were exposed to UV irradiation as previously described (24) . Briefly, prior to irradiation the cells were washed with phosphatebuffered saline (PBS); with the lids off, the plates were placed in marked areas in a tissue culture hood, that were pre-calibrated for the required doses of UV emitted from the germicidal lamp (254 nm). This was done with the aid of a UV-C probe (UVP, San Diego, CA). The medium was removed before UV exposure and was added again immediately after irradiation, and the cells were harvested at the indicated time points.
Protein preparation. Whole cellular protein extract was prepared from the irradiated cells as previously described (24) . Briefly, 10* cells grown in 100-mm plates were lysed with the aid of lysis buffer consisting of kinase buffer (20 mM HEPES, pH 7.6, 1 mM EGTA, 1 mM dithiothreitol, 2 mM MgCl 2 , 2 mM MnCl 2 , 5 mM NaF, 1 mM Na 2 VO 3 , 50 mM NaCl) and supplemented with 350 mM KC1, and a mixture of the protease inhibitors aprotinin, leupeptin, PMSF (1 |ig/|il). Sodium vanadate (SV) was excluded from the kinase buffer in those experiments that elucidated JNK-ras association.
Jun N-terminal kinase (JNK) assays. Protein kinase assays were earned out with a fusion protein between glutathione S-transferase (GST) and c-Jun (amino acids 5-89) as a substrate (24, 25) . The beads were pelleted and washed extensively with PBST (150 mM NaCl, 16 mM sodium phosphate, pH 7.5, 1% Triton X-100, 2 mM EDTA, 0.1% P-mercaptoethanol, 0.2 mM phenylmethylsulfonyl fluoride and 5 mM benzamidine), boiled in sodium dodecyl sulfate (SDS) sample buffer. The eluted proteins were run on a 15% SDSpolyacrylamide gel. The gel was dried, and phosphorylation of the GST-yun substrate was determined by autoradiography. The radioactive signal was quantified with a computerized radioimaging blot analyzer (AMBIS, San Diego, CA).
Src-related kinase assays.
A peptide that had previously been shown to be a good substrate for .src-related tyrosine kinases was purchased (Santa Cruz, San Diego, CA) and covalently bound to immunolink beads (Pierce, Rockford, IL) according to manufacturer's recommendations. Beads-coupled to peptide were used in a solid-phase kinase reaction as previously described (16) .
Protein-protein interactions.
To determine the possible association of p21 ras with pGEX-JNK, bacterially produced proteins were prepared and purified as previously described (16) . pGEX-JNK bound to glutathione-coupled beads were incubated with soluble P21™ 1 , followed by extensive washing and by analysis of JNK-bound material via Western blot with the aid of antibodies to P21" 11 (Y13-259; Santa Cruz, CA) (16) . To follow up JNK-ras association in cultured cells, whole protein extracts were prepared from 3T3-4A cells exposed to either UV-irradiation or to p-XSC. These proteins were immunoprecipitated with rabbit polyclonal antibodies to pil™ 5 and subsequently analyzed via Western blot using mouse antibodies to JNK. To control for the amount of p21 ms in these complexes, the same membrane was washed and reacted with antibodies to p21 rM .
Results

Effect of selenium compounds on JNK activation
To determine the effects of selenium compounds on JNK activities, we have used the mouse fibroblast cell line 3T3-4A, which had previously been employed for elucidating mechanisms involved in JNK activation by UV irradiation (24, 25) . Among the selenium-based compounds and their sulfur analogues selected for the present study are p-XSC, p-XTC, BSC and BTC, in addition to sodium selenite (see Figure 1 for structure). To determine whether the selenium moiety is required for the observed effects, we have tested the effects of BTC and p-XTC, which are sulfur analogues of BSC and p-XSC, respectively, both were found to have much weaker chemopreventive potency (2, El-Bayoumy et al. unpublished results). We also examined the effects of sodium selenite, which has been most frequently utilized as a chemopreventive agent in previous efficacy studies (2) . SV served as a positive control, based on its ability to potentiate JNK 1850 activation (16) . It caused a marked increase of JNK activities.
To determine the effect of the organoselenium compounds on JNK activation, 3T3-4A cells were incubated with two concentrations of the test chemicals. Except for p-XTC (which is a non-selenium compound) at doses of 50-100 |iM, none of the selenium compounds tested at comparable concentrations were capable of inducing JNK activation ( Figure 2A ). However, when doses greater than 10 \iM were added to UV-treated cells each compound was able to inhibit JNK activities ( Figure  2B ). Higher concentrations of p-XSC that were tested by themselves (10-100 (iM) caused a small increase in JNK activation ( Figure 3 ). We next examined the effect of low doses (1-10 (J.M) of p-XSC on JNK activities. At concentrations up to 10 (i.M, p-XSC alone did not affect JNK activities, as was measured via the degree of pGEX-jun (amino terminal region) phosphorylation. When followed by UV-exposure, p-XSC potentiated JNK activity in a dose-dependent manner. While UV by itself increased JNK activities 5-fold, adding 10 |iM of p-XSC caused a > 10-fold increase in JNK activation (Figure 3 ). Higher concentrations of p-XSC followed by UV-irradiation showed lesser degree of JNK activation in a dose-dependent manner ( Figure 3 ). While this observation resembles the effect of p-XSC on other protein kinases (12) , it is probably due to the toxicity of p-XSC at such high concentrations. Toxicity of p-XSC in the 3T3-4A cells was similar to what has been previously noted (11, 12) with rat fibroblasts and rat mammary tumor cells (not shown).
The effect of p-XSC on sre tyrosine kinases
To examine the effects of p-XSC on sre tyrosine kinases, which are upstream of JNK and were also shown to be important in the UV-response (27), we have employed a peptide that serves as a common substrate for snc-related tyrosine kinases. A marked increase in tyrosine kinase phosphorylation was noticed when low concentrations (10 (iM) of p-XSC were used ( Figure 4) ; this effect resembles that of p-XSC on JNK. 
p-XSC potentiates JNK-ras association
The ability to induce different protein kinase families led us to explore mechanisms by which p-XSC may affect JNK activation. We have recently demonstrated that JNK can directly associate with p21 ms . This association increases the phosphorylation of JNK itself and stimulates its ability to phosphorylate its substrates (16) . To examine whether organoselenium compounds affect this association, we have tested the association of bacterially produced JNK with p21 ras in the presence or absence of p-XSC, p-XTC, BSC or BTC. Interestingly, of the four compounds tested, p-XSC caused a marked increase in the formation of the JNK-p21 raj complex ( Figure 5A ). BSC was also capable of potentiating this association albeit at substantially lower levels ( Figure 5A ). This appears to indicate a selective role for p-XSC, which is similar to that observed in our studies with sodium vanadate and GTP that have the ability to mediate a JNK-pZl™ 1 association ( Figure 5A and Ref. 16 ). While p-XSC did potentiate the association of JNK with p21 ras at low ( Figure 5A ) as well as higher (not shown) concentrations, it was able to potentiate UV-induced JNK activation only at low concentrations ( Figure 3) . This is probably due to the cytotoxic effects of p-XSC, which can not be identified via in vitro association. In contrast, sodium selenite was not capable of potentiating Protein extracts prepared as outlined in Figure 2A were used for kinase reactions with the peptide RRRELVEPLTPSGE coupled to beads, which served as a substrate for j/r-related tyrosine kjnase activities. Reactions were monitored via radioactivity counting. Counting for each test sample was done in triplicate. Doses used are indicated (|iM) and UV exposure is outlined and marked +. Data shown represent three independent experiments. such association even when tested at significantly higher concentrations ( Figure 5A ).
To further confirm the effect of p-XSC on the association between p21 ras and JNK, 3T3-4A cells were exposed to either UV or p-XSC, and protein extracts were immunoprecipitated with antibodies to p21 ras . Immunoprecipitated material was then loaded on a gel and analyzed via Western blot with the aid of antibodies to JNK. As shown in Figure 5B , a greater amount of JNK is found in this complex after UV-irradiation than in sham treated cells. When added at 10 nM, p-XSC caused a marked increase in this association, and to a lesser degree at the higher concentration of 40 ^.M ( Figure 5B ). Control Western blots using antibodies to p21 ras confirmed that the amount of p21 ras in these complexes was equal ( Figure  5B, lower panel) . rM found in immuno-precipitated material used for the analysis of JNK-ras complexes. Thus, proteins precipitated with antibodies to p21 ras were subsequently analyzed with antibodies to p21 ras in the Western blot.
•Mill. 
Critical time elements for p-XSC effects on UV-induced JNKactivation.
We next examined at what point in time addition of p-XSC would have the greatest effect on UV-mediated JNK activation. Thus, p-XSC was removed from cultured cells at different time points (5-20 min) before the UV-irradiation. At each of the selected time points cells were washed to remove p-XSC and were then incubated with fresh medium. In all cases proteins were prepared 45 min after UV-irradiation. As shown in Figure 6 , p-XSC was able to potentiate UV-mediated JNK activation as long as it was present within 5 min before UVexposure. If more than 5 min had elapsed between removal of p-XSC and UV-exposure, no additional increase in JNK activities was observed (not shown). Thus, to increase UVmediated JNK activation, p-XSC must associate with certain 1852 cellular components within a short time frame before UVirradiation.
Discussion
Using both an in vitro and a cultured cell system we have demonstrated that the organoselenium compound p-XSC, which is a proven chemopreventive agent in chemically induced carcinogenesis, potentiates UV-induced JNK activation. Importantly, the effect of p-XSC is dose-dependent. While low doses (<10 (iM), potentiate UV-mediated JNK activation, in the absence of UV-exposure such doses did not have any effect on JNK activation. Higher doses (40-100 |iM) do cause a weak (1-to 2.4-fold) increase in JNK activities, which are considered to be within background levels. However, high doses of p-XSC block UV-mediated JNK activation, due to the combined cytotoxic effects of the two treatments. The cytotoxicity of this compound was documented in our earlier studies with rat fibroblasts and rat mammary tumor cell lines (11, 12) and was found to be similar in the 3T3-4A cells used in the present study. While our finding points to the contribution of p-XSC to cellular pathways involved in JNK activation by UV, the effects of this organoselenium compound are not limited to these kinases, but also extend to src-related kinases. That similar concentrations of p-XSC were also previously shown to inhibit thymidine kinase as well as PKC and PKA points to the existence of alternate cellular pathways utilized for JNK activation, which are differently affected by p-XSC. Accordingly, the contribution of p-XSC to JNK activities is most pronounced in combination with external stress. In earlier studies we had found that at a concentration of 10 (iM, which is capable of potentiating JNK activation by stress, p-XSC alters the major cellular phenotypes (12) .
Since JNK is activated by various forms of stress, it is likely that p-XSC would potentiate JNK activation in conjunction with other forms of stress as well. In this context it is northworthy that in vivo experiments have shown a wide range of carcinogens that are inhibited by p-XSC. As a result of increased JNK activity, a respective increase in activities of the transcription factor substrates, including c-jun, ATF2 and p53, is anticipated.
The potentiation of JNK activation by p-XSC could therefore be interpreted in one of two directions. First, it is possible that higher JNK activity enhances the cell's ability to cope with external stress. The latter is in line with the observed effect of JNK activities on its substrates, p53, c-jun and ATF2, each of which makes an important contribution to the mammalian stress response. Increases in the activities of these transcription factors affect various stages of cellular growth including cell cycle control, which is crucial to the cellular response to DNA damage (18, 20, 27, 28) . For example, c-jun contributes to the survival capacity of cells after UV-irradiation, since jun -Imouse fibroblasts have a higher sensitivity to UV-irradiation than normal fibroblasts (20, 28) and since an inhibitor of tyrosine kinase that prevents induction of c-jun transcription, sensitizes cells to UV-C (29) . Another JNK substrate, ATF2, is implicated in cell cycle regulation via its effects on cyclin A. An increase in cyclin A expression was found to delay S-phase entry due to late Gl arrest (30) . The ability of JNK to phosphorylate p53, a key regulator of the cell cycle and of DNA repair, provides further insight into mechanisms that are utilized by chemopreventive agents to affect cellular stress responses (19) . Indeed, effects of p-XSC as of other seleniumbased compounds on p53 expression and apoptosis were previously recorded (12, 13, 31) . Likewise, certain forms of selenium were previously shown to increase c-jun activities via altering redox potential (32) . As such, as part of its chemopreventive activities, p-XSC may 'pre-alert' the cells ability to cope with external stress.
A second possibility, which cannot be ruled out at this point, is that the combined effects of UV-irradiation and pXSC potentiates JNK to drive cells toward apoptosis. Independent studies have demonstrated that p-XSC and JNK do in fact contribute to apoptosis in various cell systems (12, 13, 33) . In both cases the protective effect of the test compounds, shown here for p-XSC may provide some insights on the protective effect of other selenium compounds in UV-mediated skin carcinogenesis (34, 35) .
The requirement of the presence of p-XSC at close proximity to UV-exposure supports its involvement in mediating a direct association of p21 ras widi JNK to potentiate the cell's UVresponse. The complex that is formed may have limited stability, which would explain why it loses the ability to mediate JNK activation after a short time. Our findings cannot rule out that p-XSC may have an effect on membrane receptors through which it could affect sir-related kinases; such an effect was indeed shown in the current study. The ability of p-XSC to potentiate a direct association between p21 ras and JNK is in agreement with conformation studies in which p-XSC can mimic the effect of GTP or SV at aa 96-110, a 'pocket' region known to change the conformation of p21 ras to enable its association with JNK (16) . It is interesting that while S V was capable of activating JNK, p-XSC had a marginal effect, which occurred only at very high concentrations. In contrast, p-XTC was capable of mediating JNK activation when administered by itself. Thus, p-XSC and p-XTC utilize alternate cellular pathways in mediating JNK activation, different than those used by SV.
That BSC, is also capable of mediating JNK-ras association, is in line with its ability to induce selective viral DNA amplification in response to UV-irradiation. This response is explained via the ability of these compounds to alter the expression/activities of cellular regulatory proteins that are important in the cellular response to UV-irradiation such as the JNK substrates mentioned above (9) . The latter suggests that the chemopreventive organoselenium compounds are potent inducers of cellular proteins that play an important role in the mammalian stress response.
Overall, our study revealed the ability of p-XSC, at low concentrations, to potentiate JNK activation by UV-irradiation, and provided new understanding for mechanisms involved in these activities via JNK association with p21 ras . Whether p-XSC contributes to cellular protection or to clearance of damaged cells via accelerated apoptosis is yet to be determined.
